Objective: To examine position-dependent (semireclined to standing) and walking speed-dependent soleus H-reflex modulation after motor incomplete spinal cord injury (SCI). Participants: Twenty-six patients with motor incomplete SCI (mean: 45 ± 15 years) and 16 noninjured people (mean: 38 ± 14 years). Methods: Soleus H-reflexes were evoked by tibial nerve stimulation. Patients were tested in semireclined and standing positions (experiment 1) and in midstance and midswing positions (experiment 2).
INTRODUCTION
Spinal cord injury (SCI) leads to functional impairment, such as leg weakness and slow walking speed (1) , and neurophysiologic impairment, such as a generalized upregulation of H-reflexes (2) (3) (4) (5) . H-reflex testing is a reliable (6) (7) (8) (9) (10) technique that provides a window into the spinal cord to observe the neuromodulatory processes (11) . H-reflexes are task specific, and their amplitude either increases or decreases depending on the body position. In noninjured people, soleus H-reflexes are typically modulated in a position-dependent manner such that they are significantly smaller during the static standing vs semireclined position and, in addition, are modulated in a task-dependent manner as observed during the swing phase of walking vs the stance phase of walking (12) (13) (14) (15) . In addition to upregulation of Hreflexes, SCI may lead to an inability to modulate reflexes in a position-dependent as well as task-dependent manner.
The position-and task-specific nature of H-reflexes reflects the capacity of the nervous system to modulate reflexes that are essential for postural control and locomotion (12, 13) . Spinal cord injury leads to disruption of neural pathways that control position and phasespecific neuromodulatory processes (3, 14, 15) . As a result, soleus reflex upregulation occurs after SCI and is manifested as an increase in reflex amplitudes (2) (3) (4) 16 ). Previous findings demonstrate the increase in H-reflex amplitude in non-weight-bearing positions, such as sitting, supine, and prone, and weight-bearing positions, such as standing (active and passive). However, it is not known whether the reflex amplitude modulates after SCI based on testing position, as normally seen in noninjured people. An ability to modulate the reflexes in a positiondependent manner may be an essential background for successful execution of functional tasks.
In addition to position-dependent reflex modulation, noninjured people also demonstrate an ability to modulate reflexes based on walking speed. Previous reports suggest that the soleus H-reflex amplitude decreases with increasing walking speeds (17) (18) (19) (20) . However, it is not known if the soleus H-reflexes decrease with an increase in walking speed in patients after SCI. Soleus H-reflexes tested during walking are significantly greater in amplitude after SCI compared with noninjured controls (2, 4, 5) , and we have previously reported that walking on a treadmill with body weight support and manual assistance can decrease the soleus H-reflex amplitudes in patients after SCI walking at their selfselected speed (2) . Thus, the changes in H-reflex amplitude related to walking speed may provide critical insights regarding optimal walking speed used for retraining walking in patients after SCI. Currently, there is no consensus on the optimal training speed for locomotor training studies, and several variations in treadmill training speeds exist (21) . Gait patterns at velocities less than 0.6 m/s are susceptible to variability in gait parameters, reduced electromyogram (EMG) amplitude, and abnormal EMG activation patterns due to the slow walking speed, as well as deviations as a consequence of the pathology (22, 23) . Thus, training patients with SCI at faster, near-normal walking speeds (5,24) has been suggested.
The first experiment was designed to examine whether H-reflexes modulate with a change in position from semireclined to standing in noninjured people and patients with SCI. We hypothesized that position- dependent H-reflex depression would be significantly less in SCI patients vs noninjured people. The second experiment examined the effect of treadmill speed on phase-dependent soleus H-reflex modulation. We hypothesized that an increase in treadmill walking speed will induce greater modulation of H-reflexes in noninjured people vs patients with SCI. Soleus H-reflex testing is a useful noninvasive method to study the underlying neurophysiologic mechanisms after SCI. It is important, however, to fully understand the association between reflex amplitudes and clinical measures of impairment after SCI. In the third part of the study, we tested the correlation between soleus H-reflex amplitude and clinical measures of spasticity and walking assistance. We hypothesized that the H-reflex size would be directly proportional to spasticity and inversely proportional to the level of walking assistance in patients with SCI.
METHODS
Twenty-six adults with incomplete SCI (i-SCI; mean: 45 ± 15 years) and 16 nondisabled control participants (mean: 38 ± 14 years) were recruited for this study ( Table 1 ). All participants reviewed and signed an informed consent form approved by the Institutional Review Board of the University of Florida prior to initiating the study. Criteria included adults with SCI aged 18 to 65 years; a diagnosis of first-time SCI, including etiology from trauma, vascular, or orthopedic pathology at cervical or thoracic levels; ASIA Impairment Scale categories C or D (25); physician's medical status approval; and the ability to walk independently a minimum of 30 feet with or without an assistive device. Healthy noninjured people with no history of neurologic or orthopedic problems that could impair walking function were recruited.
Evaluation and Testing Procedures
Soleus H-reflexes were evoked on the more involved side (determined by AISA Impairment Scale motor score) of people with i-SCI and on the dominant side of the noninjured participants. Skin was shaved and cleaned for application of electrodes. Soleus EMG activity was recorded using a bipolar (2-cm interelectrode distance) Ag-AgCl surface electrode (Therapeutics Unlimited, Iowa City, IA [company no longer in business]). The electrodes are embedded in an epoxy mount with preamplifier circuitry. The preamplifier and second stage amplifier provided a total amplification of 1,0003 with a frequency band pass of 20 Hz to 4 kHz. A reference electrode was placed on the distal tibia.
To evoke H-reflexes, current pulses were delivered via a dual-channel constant-current stimulator (model S88 with a modified CCU1, Grass Technologies, West Warwick, RI) using a 2-cm half-sphere silver cathode placed in the popliteal fossa and a circular 10-cmdiameter silver dispersive pad (anode) positioned just superior to the patella. The half-sphere shape of the cathode helped in ensuring good contact with the skin; the cathode was held in place using a custom fabricated Velcro strap. Data were acquired at a sampling rate of 10 kHz per channel.
Fifteen H-reflexes with an associated M-wave value between 7% and 13% of maximum were pooled and averaged for each testing position. Stimulation intensity was adjusted throughout the experiment to maintain consistent stimulation level that evoked an M-wave value between 7% and 13% of maximum. The step cycle was divided into midstance and midswing, and the stimuli were presented randomly during a continuous gait cycle (eg, every fourth step at midstance). H-reflexes of the same effective stimulus strength, reflected by M-wave amplitude, were included and compared. Peak-to-peak H-reflex amplitudes for each phase component were pooled and averaged. We did not control for the order effect of the testing positions on H-reflexes. All participants were tested in the order of semireclined, standing, midstance, and midswing.
Experiment 1
Soleus H-reflexes were elicited in 26 patients after SCI and 16 noninjured people in 2 positions: semireclined (foot fixed against a footplate at an angle of 100u) and static standing (SCI patients were allowed to use the assistive device of their choice for minimal balance if needed). Fifteen H-reflexes each were evoked in these positions. In addition, the position-dependent modulation was defined as the change in H-reflex amplitude from the semireclined to static standing position. Position-dependent modulation was calculated using the following formula (modified from the formula in Yang et al [26] ):
Experiment 2
Eight patients with SCI and 5 noninjured participants (a subset of the experiment 1 participants) walked at 2 different treadmill walking speeds: 0.6 m/s and 1.2 m/s. As described above, 15 H-reflexes were evoked in midstance and midswing phases of walking at both speeds (4, 13) . Electrical pulses were delivered manually by visually identifying the midstance phase. The testing phase was confirmed using a footswitch marker (insole with contacts in heel, first and fifth metatarsal, and great toe, B & L Engineering, Santa Ana, CA). To compare the reflex modulation between the 2 treadmill speeds, a walking modulation index (26) was calculated using the formula below: (10, 24) . A force transducer placed in line with the overhead harness system was used to record body weight support simultaneously with EMG and H-reflex stimuli during testing. A Biodex Rehabilitation treadmill (Biodex Medical Systems, Shirley, NY) with 0.1-mph speed increments was used for the training. No assistive devices were used by the patients with i-SCI during testing on the treadmill. Manual assistance for stepping on the treadmill was provided by skilled trainers specifically trained to assist subjects to initiate or maintain good stepping kinematics (defined as coordinated, rhythmic steps with knee, hip, and ankle motions that visually appeared to be most efficient as well as consistent with normal stepping spatial-temporal characteristics).
Modulation index~stance{swing
Walking Index for SCI Walking Index for SCI (WISCI) has been reported to be a valid and reliable measure for measuring walking ability after SCI (27) . WISCI scores were calculated based on the assistive device and level of assistance needed. The WISCI was used to categorize the level of physical assistance and use of assistive devices required for walking. The WISCI is a 20-item scale with a score of 0 (patient unable to walk) to 20 (patient can walk with no assistive device, no braces, and no assistance for at least 10 m). Spasticity of the calf muscles was tested in a supine position using a modified Ashworth score (MAS; a popular clinical test) (28) . This score measures the degree of muscle hypertonia on a 5-point scale, ranging from 0 to 4 (0: no resistance to passive movement; 4: affected part is rigid).
Data Analysis
Peak-to-peak amplitude of all H-reflexes and M waves was calculated. All the H-reflexes were normalized to the maximum M wave. Paired t tests were calculated to examine differences in H-reflexes in semireclined and standing in the noninjured and SCI groups. Paired t tests were also used to compare soleus H-reflex Modulation Index at 2 treadmill speeds (0.6 m/s and 1.2 m/s) in both groups. Pearson's correlation coefficients were calculated. Background soleus EMG activity for all H-reflex trials was calculated by measuring the root mean square of the soleus EMG activity 100 ms before tibial nerve stimulation. All statistical tests were performed using SPSS software (SPSS Inc, Chicago, IL), and significance for all tests was set at the alpha level of 0.05.
H-reflex Outcome Parameters
H-reflex upregulation and loss of H-reflex inhibition/ depression seen after SCI refers to greater reflex amplitude compared with noninjured people. H-reflex depression as a result of change in posture or task refers to the ability of the spinal cord to inhibit the reflex, resulting in smaller reflex amplitudes. Soleus H-reflex modulation refers to the ability to increase or decrease the H-reflex amplitude in a task-specific manner. Thus, an impaired or decreased postural reflex modulation would refer to the inability to change (modulate) reflex amplitude based on the changing posture or task. Modulation index value reflects level of reflex modulation. Increase in the modulation index from one task to another would refer to greater reflex modulation. No change in modulation index would reflect a lack of or impaired reflex modulation. Table 1 lists the demographic data and scores from clinical tests.
RESULTS

Experiment I
The noninjured participants showed a significant soleus H-reflex depression from semireclined to standing (P , 0.05; Figure 1 ). However, patients with SCI showed no change in soleus H-reflex amplitude from semireclined to standing. H-reflex was significantly greater in SCI patients compared with noninjured participants in all positions (See Figure 1 for semireclined, standing, and midstance and midswing phases of walking; P , 0.05). Positiondependent H-reflex modulation was significantly greater in noninjured participants (0.22) compared with SCI patients (20.06).
Experiment II
In noninjured participants, the soleus H-reflex modulation index of walking was significantly greater (P , 0.05) at 1.2 m/s vs 0.6 m/s (Figure 2) . However, the walking modulation index in SCI patients remained the same at both fast and slow speeds.
Correlation Between H--reflexes and Clinical Tests
We found statistically significant (P , 0.05) positive correlations between MAS and H-reflexes tested in semireclined (0.65), static standing (0.60), midstance (0.70), and midswing (0.44) positions. We also found statistically significant (P , 0.05) negative correlations between the WISCI scores and H-reflexes in standing (20.47 ) and midstance (20.50) . A significant (P , 0.05) negative correlation was also found between WISCI and MAS (20.52).
Based on our data and previous data on positiondependent reflex modulation in noninjured people (,15 ± 5%) (29), we divided the SCI patients into 2 subgroups based on the cut-off value of 10% position-dependent reflex modulation. The 2 groups were normal position-dependent modulation (.10%; normal group, n 5 8) and impaired position-dependent modulation group (,10%; impaired group, n 5 18). The normal modulation group showed a significantly greater modulation and greater WISCI scores compared with the impaired modulation group (P , 0.0001). The mean modulation and WISCI scores of the control group were 23% and 19% and in the impaired modulation group were 24% and 13%, respectively.
Background EMG activity in the soleus muscle did not change systematically along with soleus H-reflex amplitude ( Table 2 ). 
DISCUSSION
The soleus H-reflexes were highly modulated in a position-dependent and walking speed-dependent manner in participants with an intact spinal cord. In contrast, in SCI patients, we found that the position-dependent soleus H-reflex modulation from semireclined to standing and walking speed-dependent modulation from 0.6 m/s to 1.2 m/s treadmill speed were both not modulated.
In the results from the first experiment, the impairment of neuromodulatory processes after SCI was evident in the finding of significantly greater H-reflexes compared with noninjured participants in all tested positions (semireclined, standing, midstance, and midswing). These results are in agreement with past reports showing the significant loss of H-reflex depression in SCI patients compared with noninjured people (2, 4, 30) . In addition to greater reflex amplitudes in all positions for SCI patients compared with noninjured controls, we also found that position-dependent modulation typically seen in noninjured people was severely impaired after SCI. People with an intact spinal cord show the ability to modulate the H-reflexes with a change in body position, such as from prone to standing (29, 31, 32) , supine to standing (33) , and sitting to standing (33) (34) (35) . The neurophysiologic changes underlying body position changes are based on the specific demands of the task. Switching from a sitting, supine, or prone position to static standing position imposes additional demands of posture as the base of support decreases. Depression of reflex amplitude in standing in noninjured people may be the result of a lower base of support that induces a high amplitude reflex response, which can potentially destabilize the posture.
Position-dependent H-reflex modulation from prone to standing has been previously reported to reverse in elderly (mean age 71 years) compared with young (mean age 23 years) noninjured people (29) . In our study, we did not see such a reversal in reflex amplitude, but, on the contrary, the mean H-reflex amplitude significantly decreased from ,50% to ,35% in the noninjured participants (P , 0.05; Figure 1 ). However, the mean age of our SCI patients (45 years) was not significantly different from the noninjured participants (38 years; P . 0.05). Thus, the lack of positiondependent H-reflex modulation seen in our patients with SCI was not an age-related phenomenon but instead was related to SCI. Our results of loss of position-dependent reciprocal inhibition of soleus H-reflexes after SCI are also in agreement with previous reports documenting impaired reflex inhibition after SCI (14, 15) .
In comparison, position-dependent H-reflex modulation may not be impaired in persons with complete SCI. Kawashima et al reported that position-dependent soleus H-reflex modulation from sitting to standing was intact in patients with motor complete SCI (35) . In addition to SCI severity, different testing conditions may also explain the lack of modulation seen in our study. We used active independent standing and semireclined testing positions compared with the passive standing and sitting positions used in the Kawashima et al study. The results of our current study, however, are in agreement with the study in patients with i-SCI by Perez and Field-Fote, who reported loss of position-dependent modulation of reciprocal inhibition from sitting to active standing (14) .
In the second experiment, our results further elucidate the specificity of impairments in H-reflex modulation after SCI. The increase in soleus H-reflex modulation at faster treadmill speed seen in noninjured participants was absent in patients with SCI. Thus, it may be that speed-dependent gating necessary to facilitate walking at faster speed was absent, and thus the reflex modulation was identical at 2 speeds (0.6 m/s and 1.2 m/s) after SCI. Previous studies have reported that locomotor EMG pattern after SCI can be modulated within a range of treadmill walking speeds (36) (37) (38) ; however, in the current study, we did not test H-reflexes at speeds from 0.6 m/s (slow walking speed) to 1.2 m/s (normal walking speed). Most patients demonstrating an impaired reflex modulation during walking present with gait impairments that limit the velocity and increase the energy requirement of walking (23, (39) (40) (41) . As suggested in previous literature, reduced presynaptic inhibition, associated with spasticity, may hinder heel contact and forward progression over the stance limb, and impaired gating of incoming Ia afferent discharge associated with soleus stretch may account for difficulty in forward progression (4, 42) .
Although soleus H-reflexes provide us with a window into the spinal cord to study spinal excitability, the nature of correlation with clinical tests is not clear. In this study, we report significant moderate to strong positive and negative correlations with clinical tests, such as MAS and WISCI. We found a significant positive correlation between H-reflex amplitudes and MAS scores, suggesting that the bedside clinical assessment of muscle tone (of both neural and musculo-tendinous origin) can give us an estimate of spinal excitability of the lower limb motoneurons after SCI. We also found a significant negative correlation between H-reflexes in standing and midstance positions and WISCI scores. Thus, a lower Hreflex amplitude was related to a greater WISCI score (greater independence during walking). We also found that the subgroup of SCI patients with normal positiondependent modulation had significantly greater WISCI scores, thereby suggesting that reflex amplitude modulation in standing and midstance positions may be an important factor underlying static and dynamic balance (29).
CONCLUSIONS
Position-dependent H-reflex modulation from semireclined to standing and from 0.6 m/s to 1.2 m/s, typically seen in noninjured people, is impaired after SCI. Soleus H-reflexes are positively correlated with spasticity (MAS) and negatively correlated with level of walking assistance (WISCI). Impaired position-dependent reflex modulation and strong correlation with clinical tests may assist in demonstrating the underlying functional relevance of neurophysiologic impairment after SCI. Naturally, the restitution of position-dependent H-reflex modulation (tested in different positions) would be considered a favorable change, especially if related to functional improvement. Soleus H-reflexes are strongly correlated with changes in clinical outcomes, such as MAS and WISCI scores, and can be used as a tool to assess the neurophysiologic mechanism underlying the recovery of walking after SCI.
